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! “AN CXPERIMENTAL STUDY OF TURBULENCE PRODUCTION MECHANISMS
; IN BOUNDARY LAYER FLOWS"

October 1, 1979 to September 30, 1980
R.E. Falco
Departmentof Mechanical Engineering

Michigan State University
East Lansing, MI 48824

; _ SUMMARY OF PROGRESS

We have achieved a number of our proposed goals, which are reiterated

H below,

1. To develop a state of the art digital data acquisition system which
- can siinultaneously digitize 16 channels of data and a timing signal
trom simultaneous high speed movies,
2. Develop visualization-terhmiques which give us three-dimensional
information about the coherent motions under investigation, and
which can be used with simultaneous hot-wire anemometry.

3. Obtain lenyth scales of the pocket flow module and compare them

to the streaky structure scales as well as the scales of the vortex
j e ring-like Typical Eddies of the outer region.
4. Determine whether the pocket flow modules (which previously had
‘sb’ been observed to create the largest transfer of any event in the
) wall reqion) occurred as frequently as the bursts found by Kline
and others.
5. Determine whether the passage of a pocket flow module resulted in
the hot-wire information found by other investigators to be charac-

teristic of the bursting process.

y ™y 3 " & ‘=nreved for public release}
X @ 1 4 0 8 7 distribution unlimiteds

N P P o JURIS A B W el o S mmmmm"“ ’ — - .
T e T L e e - e~y e e R T R A




—

ra tS #r
6. To obtain simultaneous visual and hot-wire information about the /. -{¢ ,Gwhg(’{,
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interaction of the outer region with the wall which produces the - _"“ti; "“eg

pocket flow modules. D . -\;::::;\
/ ‘;tf'q;.
7. To determine the accuracy of the vortex ring/wall interaction '-.. 4Va11?b;:;;;:\\\\\\\\;
B3 5 : :
i i . :
model of the pocket flow module. ot Ty :y Cogg. -
/ ;;,(,cj‘: Yo s
ad
/
, /
We have met goals 1-5, although as of September 30, our data - _ /
acquisition system was not operating due to an unfortunate accident. N\\\\\\\\ //

Information obtained during this year has indicated that goals 6 and 7
will require more study. Figures 1 through 7 as well as AIAA Paper
80-1356 summarize the results obtained. B
Figure 1 shows the rate of occurrence of pockets compared to the
burst rate found in the Stanford studies. Both the overall freqguency
of occurrence of pockets, and the frequency of occurrence of pockets
during their ejection phase, is shown. We see that the correspondence
between the occurrence of pockets ejecting sublayer fluid and the ejections
found in the Stanford studies is excellent. Furthermore, we see that
pockets are observed approximately four times as often, thus three out
of four times that pockets pass our measurement station they are not
in their ejection phase. The data has been sca.ed usinq wall layer vari-
ables, which remove the Reynolds number dependence significantly better
than outer layer variables. This suggests that the larqe scale motions
(proportional to the boundary layer thickness) which scale on U_ and
delta, do not control the bursting process as had been previously thought.
Figure 2 shows the ratio of the pocket flow module cross-stream

dimension to the streaky structure (Stanford studies and others) spacina,
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number. We see that the pockets scale exactly as the overall streaky

structure. This reinforced our earlier observation (Falco, Sixth
Biennial Symposium on Turbulence, Rolla, 1979), that the streaky
structure was the result of pockets forming both singly and in qgroups.

Figure 3 shows the ratio of the vortex ring-like Typical Eddies,
which form away from the wall, to the overall streaky structure spacing.
We can only conveniently measure the streamwise and normal Typical Eddy
scales, but the spanwise scale falls in between these two. We can aaain
see that there is a remarkable correspondence in scales, especially
considering that the measurements extend over a decade of Reynolds number.
This suggests that Typical Eddies might very well be associated with
the formation of pockets, and therefore with the streaky structure.

Figure 4 shows that the Typical Eddies are approximately equal in
size to the Taylor microscale. bThus we see that if Typical Eddies are
producing the pockets, the pockets are produced by microscale motions,
not the large eddies of the boundary layer. This possibility is con-
sistant with the scaling found for the time between pockets (fiaure 1).

Goal number 5 has been attained as described in AIAA Paper 80-1356
(enclosed). In summary, we have found that the pocket flow module evolves
through a series of five stages. Each of these stages exhibits an event
which has been the subject of study of other investigators. Thus, strona
sweeps, Streamwise lift-up and oscillation, the formation of sharp shear
layers, ejection and breakup events are all part of the pocket flow module's
evolution!

Figure 5 shows a comparison of the data from the Blackwelder and

Kaplan's burst detection scheme and the <uv> signatures from the pockets

during stages three and four. Considering that the techniques of condi-
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tional sampling are entirely different, the correspondence is quite
good. It suggests that their "vita" technique picks up the sharp shear
layer that forms during stages three and four of the pocket evolution.
If this is true, then their explanation of the origin of the ejection

as due to this shear layer becoming unstable would not be correct, since
we are in the middle of the pocket flow module evolution. Furthermore,
it is clear from figure 4 of the AIAA paper, that although some of the
Reynolds stress is detected by the "vita" technique, a Targe fraction

is not.

Figure 6 shows a photo of a vortex ring-like Typical Eddy approachina
the wall. The top of the ring is approximately 100 y+. Flow is from
right to left. We are currently attempting to obtain laser sheet side
views of this quality with simultaneous plan views showing the pocket
patterns (see figure 1 of the AIAA paper), along with four or possibly
eight wire probes to allow us to determine the nature of the interaction
of naturally created vortex rings with the wall layer flow in the fully
turbulent boundary layer. To help us understand, and to make us aware to
Took for details of this interaction, we are concurrently studying the
interaction of an artificially generated vortex ring with a wall. This
model flow field not only exhibits all of the features discussed above,
but in addition explicitly shows the role of vortices in the formation
of the pocket pattern, in the streamwise Tift-up of wall layer fluid,
and in the ejection of fluid from the downstream portion of the pocket.
We hope to be able to examine the detailed role that vortices play in
the evolution of the pockets found in real turbulent boundary layers

in the near future.
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The Production of Turbulence

Near a Wall
R. Falco, Michigan State
University, East Lansing, Mich. -

AIAA 13th
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itne ¢ROVVUCTIUN UF TURDULENCE
MEAR A WALL

n. £. Faleco
vepartaent of mechanical E£ngineering
Michigan State university
cast Lansing, MI. 4682«

Abstract

Simultaneous visual and hot-wire
anemometer measurements of the flow in the
wall region of turbulent boundary layers
have revealed a close connection between
local repetitive visual patterns seen in
tne sublayer in plan view; wallward moving
nigh speed fluia ( sweeps ), and ejections
o! sublayer fluid, seen in side views; and
perioas of ilmportant perturoations in the
variables u, v, uv, du/dy, au/dx, and dv/dx
near the region of maximua turbulence
proauction. Uur interpretation of tne data
ingicates that the turbulence production
process is initiated when a
tnree-dimensional vortical sweep, of scale
the 0(100) wall layer units, interacts with
tne wall, and that it is completely
aescrioaple in teras of the evolution of
tne resulting three-diménsional vortical
sweep/wall interaction. 1t is shown that
this tlow zodule containa the features of
tne turbulence production mechanism that
nave peen observed Dy many investigators.

I. lntroduction

lne search for mechanisms responsible
for trne production of turbulence near a
wall nas resulted in a large number of
semi-empirical amodels. Some of these
explicitly model the longer time scale
events, and infer that rapid breakdown of
the wall region flow will ensue a®s a result
o! the modifications these motions make to
the zean velocity profile, while others are
principally concernead with detalling the
perlod during which the rapld changes
occur. Models of the first kind have been
put fortn oy Townsend,! bakewell and
Lumley,Z Lee, bckelman and Hanratty,3 and
others. ihese consist principally of
streamwise orientated vortices which are
attacned to the wall. From space-time
correlation measurements, Bakewell and
Lumley found little fall-off of the
correlation of streamwise velocity ( u )
over 40 viscous lengtns, suggesting that
tne vortices are well correlated over this
lengtn. Some authors have hypothesized that
the vortices extend tne order of x* = 1000
( x* = xu®/7 W ), which corresponds to
tne order of tne longest streaks found in
wall region visualizattions. Hecent probe
seasureaments of blackwelder and Eckelmann®
nave confirced the existence of streanmwise
vorticity in tne sublayer, and suggest that
1t occurs in counterrotating vortex pairs,
but they were unable to measure the lengtn
of tnhe vortices.

models wnicn are concerned with the
Jetails of tne rapid breakdown of sublayer
fiuid docuzented by Kline, and co-workers

e e AN L dR .

at >tanforg university,5:%:7.8 Corino and
prodxey,Y urass,'9 and others, nave
nypotnesized wmany different sechanisas to
descrioe tne events. lnese include
instability of the instantaneously
inflectea velocity prof110.2~7-

separation of the wall layers resulting
trom local adverse pressure gradients,®
toraation of an.rs sShear layera which
vecome unataole,! inflows and
continuicy,‘i"k wave focusing,!® vortex
induced L1ift-up of wall layer

fluio, 10.17,10,1%  yorrex-wall
instabilities, 0 and vortex ring/wall
interactions.e!

lt is possiole, by ignoring the sany
detailea differences in these amodels, to
classify thea as models wnich start with
concentrated vorticity, and describe tne
results of stretching of this vorticity on
the wall region flow, or sodels which start
with the tormation of a snear layer in the
wall region, the breakdown of which results
in the ejection of fluid into the outer
region. An exception is the wmodel of Ref.
14, wnich relies solely upon continuity.

-

bounds on the time scales, and a
pretty accurate estimate of the velocity
scale of tne wall region events nave been
estadblisned. Practically all of the
interesting events in the wall layers take
place in t* = tu®<yy of less than 30,
and that within this period, nigh shear
layers develop, intense uv contriputions
due to nign speea fluid moving towards the
wall occur (sweeps), as well as intense uv
contrioutions due to fluid moving away froan
tne wall (ejections), and pressure peaka of
bpoth positive and negative sign.
rurtheraore, both space-time correlation
estimates and measurements of the passage
of eitner a visual impression ( such as a
pocket )}, or a pressure pulse, indicate
tnat tne convection velocity is
approximately .6lUyg . An i{mportant point for
poth of tnese gquantities is that there does
not appear to be a sigznificant heynolds
number cependence. lhus it is possidble to
convert from time scales to lengtn scales
for the purposes of coamparison, with
relative contidence.

Tne forgoing information suggests that
visualization of tne wall region shoula
reveal aoisturbances with a length scale the
orager of 1* =(t*) U /o< 100, for
bursts, or sweeps, or You pressure pulses,
or nian shear layers. Comdining this fact
witn tne spanwise scale of wall layer
events ( hef. 3,5,6 ) which 1s
approximately z* =z 10U, it is expected
tnat “local” tnree-dimensional features
will marx tne bursting process. Falcol?
firat reportea visual indications of tne
appearance of conerent, repetitive
aisturvances of this scale in the sudlayer
of a turpulent dboundary layer, which
occurread at randoa positions with respect
to tne longer streaky structure ( see Ref.
9,0,7,0 }. lhe tecnnijue uded was to 111
tne poundary layer with oil fog

—




contaalnant, and then allow it to wash out.
A snheet of laser !ilant tlluminated the
regton from y*:y to 14 After sone time, a
condition exlsted 1n which, on average,
there was ssoke between the laser sheet and
the wall, dut clear fluid above. During
this period wve could see regions of clear
fluld of tne acajes mentioned above foraming
in the Light sheetL. Because of their
sppearance and small scale, we called the
reglons “"pocxets=. It nss turned out that
the pocket patterns are cmore clearly seen
using the fiow visualizatlion technigue,
used extensively at Stanford, of oozing
sarxer 1nto the sublayer through a slit in
vhe wall. Figure 1 shows two photos of the
sublayer. The pocxet patterns are clearly
seen. The ezact shape Jepends upon the
stage of evolutton of tne pockets as
discusled below. The average scale of these
gcatterns ts the order of x* ¥ 100, z* ¢
100 ( Falco<® ), and tneir average
convection velocity 1is approxicsately the
sase a3 reported for otner indications of
13portant wall region events. Thus, the
pocket pattern appears to be assocjated
with the bursting process. lt was
unex;ected, however, to find that pockets
appeared poth when the long streaky
atructure broxe up ( Stanford references },
as well as in detween tne long streaks.

we intend to show that the pocket
pattern is, in fact, the footprint of the
t.robulence production process that has been
fdentifed 1n tnhe above nentlioned
ijnvestigations, and that the pocket flow
sodule incorporates doth the sweep and
ejection evenls as well as the forpation of
an intense shear layer.

11. Experizental Techniques

cxperizents were conducted in a
continuously running boundary layer flow
visuallization turnel. lhe flow was made
visible by contaainating it with tiny oll
droplets. Tnis sarked fluild nas been
visualized with both flood lighting, and
laser lignt wnich was expanded into a
sheet. lLetails of both the tunnel and flow
visualization technique are descriped in
hef. 25. for the present experiments, two
additional tecnniques have been used to
visualize tne flow. The o1l (og “wash out"
tecnnique, mentioned in the introductlon,
18 a tecnnigue which allows a quasi-unifore
concentration of marker to be present in
the wall reglon over several boundary layer
thicknesses, without prodblems assoclated
with marxer introduction. This was used
together with one or more sheets of laser
1ignt, whicn could be placed where desired.
1ne otner was the ssoke slit technique. A
spectally designed slit, wnich introduced
oll-fog at § segrees to the oncoming flow,
across a 30 ca line, wvas coabined with
flood light tllueination, to obtain an
alternative view of the pockets, and get
better inforamation about 1ift-ups.

hot-wires were placed in the flow in
several of tne experiments. Details of the

e Al e

probes, calibration techniques, and dats
acquisition, are described in Hef. 23 and
25. briefly, the systes allowed
simultaneous sampling of all the wires., The
mOoSt used probde arrangement consisted of &
wires, two arranged in an x and two
parallel to each other, 30 that u, v, uv,
and du/dy could be directly obtained, and
du/dx and dv/dx inferred using a local
Taylor nypothesis. Combining dv/dx and
du/dy, Wy was obtained. At Ry = 100b, the
parallel wires and the x-wires were
separated by y* =z 3.6. Additional details
are given later.

111. Results

It is important to distinguish, at the
outset, the difference between the visual
pocket pattern imposed on-the msarker in the
wall region, and the signatures resulting
from the flow at various probe positions
within, to the side of, and above the
pattern. lf we assume that some flow aodule
{s responsible for the pocket pattern in
the wall layers, then the signals and
visual pattern msust show a strong
correlation, but will not, in general, show
a one to one correspondence. Falco¢' nas
found that in the case of pocket patterns
that formed within a laminar boundary layer
that was perturbed by s turbulent wake, thne
hot-wire signals indicated the occurrence
of significant perturdations dboth within
the visually defined boundaries of the
pocket pattern, as well as within
approximately one pocket lengtn downstreano
of the pattern. 1ln this case, both hot-wire
and visual signals indicated that a flow
module was approaching the wall. It
produced tnhe pocket pattern as well as the
perturbations just downstreas of the pocket
pattern. Based upon this inforaation, we
will call the entire sequence of events
that is associated with the formation and
evolution of the visual ispression, and of
tne hot-wire signals in the wall region
whicn are associated with the pattern the
"pocket flow module*.

1t 1s important to determine the rate
at whicn the pocket pattern passed s fixed
point, and to coapare this with the
measured burst rate obtained by a nunmber of
investigators. ln order to coampare
information, we nad to count pockets that
were resulting in tne l1ift-up of wall layer
fluiada as they crossed the observation
point. From our experience with pockets {
see hef. 23,24), we new that the nmajority
of tne lift-ups occurred after the pocket
reached {ts “fully developed” state. Tnis
stage in the pocket evolution 1s
cnaracterized by the development of a
pointed appearance of its upstream boundary
( detatls are given below ). Counting only
fully developed pockets, the nunber ol
pockets per second, non-3dinensionalized by
the frce stream velocity and the doundary
layer thickness at R : 1395, s
approximately 5. Table 1 compares this
value with others found in turbulent
boundary layers., It {s concluded that

R, ¢ e P TRy 2 T AR T
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pocxet flow mOdules must be associated with
the bursting process. Furthermore, it is
worth noting that {f pockets were counted
without regard to their stage of evolution,
the rate of occurrence increases
consideraoly.

lnspection of the combined
simultaneous visualized wall layer flow and
not-wire measureaents, nave shown a high
correlation between the evolution of the
pockets in which there 13 a rapid evolution
of the sarker, and the periods of high
instantaneous Reynolids stress, high shear
and/or vorticity. ihe picture is, however,
complicateas, Jue to the raptd evolution and
change in tne phasing of these quantities.
lt nas opeen found that all four of the
possiole aotions that can contribute to
neynolds stress are assoclated with the
pocxket flow module at different times in
1ts evolution. These four events have been
called ejections ( u(-), v(e)), sweeps (
ule), vi(=)), tnward interactions ( u(e),
v{-)), and outward interactions ( u(e),
vie)), see wallace et al1.<® It is thus
necessary to exasaine signatures at specific
times after fcrmation of a pocket pattern
to uncover the fact that a highly coherent
evolution taxes place. Measurements of the
iifetizes of pockets nave shown that they
persist for the order of t* = 30. However,
they evolve continually over this time
feriod. czxperience has snown that the
signal response can change signficantly in
t* = &, wnicn 1s snort coopared to the
time of passage of the pocxket flow module
over a wilre, wnich Jdepending upon the stage
of evolution, ranges from t* = 10-30. This
fact, coadined with the difficulty in
determining the aonent of foramation of a
pocxket, nas aade the process of
accumulating enseable averages of the
pocxket signatures at various representative
intervals in the evolution of the flow
zsodule a prolonged task. Thus, the results
presented herein will be qualitatively
representative of the evolution., Work is in
progress to zore accurately measure pocket
inception and to build sufficiently large
enseables, however, the nature of the
turbulence production aechanisa can be
clearly shown with the present information.

Fig. 2 shows siazultaneous records of
uv, du/dx, dv/dx, du/dy, v, and u, for b
boundary layer thickneases. The boundary
layer conagitions are: R z 1068, u® =z.101
ft/sec delta = 5 in, y* =z 16. We can see
that tnere are two regions where
significant uv contributions occur, if we
compare the signals with the long time
average value of uv, -.014 fr®*2/5ec. ne
nave l1nspected records such as these
covering «07 delts. Fros this sazple we
conf{irmed that these peaks are
representative of instances of large uv,
lney are respectively 0.4 and 10 times the
average uv, Tne recent work of Comte-Bellot
et al.‘7 also suggests that these peaks
are stgnficantly nigher than their quadrant
oreakdown descriaination technique
requires. Gur simultaneous visual
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measureaents have shown that both of these
peaks have resulted froa tne passage of
pockets. The time for passage of the
earlier evolving pocket flov module was t*
= ¢3, while the later pocket required t*
cb to pass over the wire. lhese times are
indicated by vertical dotted lines in the
figure. Although both signatures resulted
from the passage of pockets, they are
significantly different in content. The
eariler signature contridbutes it largest uv
as the result of upward aoving low speed
fluid, 1.e. An ejection, whereas the later
signal contributes its largest uv due to
wallward moving high speed fluid, i.e., 8
sweep. The age of the two pockets was t* =
16 and t* =z 12 respectively. Inspection of
the reaainder of tne data record revealed
that & very high correlation existed
between significant perturbations in the
uv, du/dx and dv/dx and du/dy signals, and
the passage of the visual pocket pattern.
Signals such as those in Fig. 2 suggested
that the signatures were evolving in a
consistant manner as the pocket evolved,
and that the evolution involved creation of
both ejections and sweeps as well as the
other interactions and tne formation of
intense shear layers.

An example of the strong
correspondence between the pocket and the
signal perturbdations is exeaplified by the
velocity gradient du/dy. 1The number of
du/dy peaxs which were greater tnan
2<du/dy> was first found. There were 47 of
them. Then the movies were exaamined to
deteraine what percentage of these peaks
was attributable to pockets. It was found
that 45 were, an astonishing 96 per cent.
he tnen determined the age of the pockets
that were associated with the high peaks.
The result i{s shown in Fig. 3. It can be
seen that pockets had to be at least t* =
b old before being able to produce a shear
layer of tnis magnitude, and that pockets
older than about t* = 30 rarely contained
such a high shear layer. The average age of
pockets contrivbuting du/dy > 2 <du/dy> was
t+ =z lo. Vorticity peaks at 2<du/dy> were
of duration t* =z 3 with a standard
geviation of t+ = 1.7. Pockets which were
younger than t* z b were found to exhibdit
a different du/dy signature. In general
they were associated with values of du/dy
which were lower than the zean value.

Further progress in understanding the
pocket evolution requires a breakdown of
tne evolution into stages, each
characterized by the doainance of one of
the heynolds stress producing events. The
data indicated tnat it was possible to coame
close to achieving this goal, by identifing
fitve stages in the evolution of the pocket
flow module. we will now discuss these five
stages paying special attention to tnhe uv,
du/dy, and u signatures, and the visual
impression of tne pocket from its
inception. Fig. & snhows these three
signatures and tne visualized pocket
pattern for eacn of tne five stages. 1ne
stages aiffer somewnat in duration. Stages
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one throukn three nave a duration of
approxiaately t* : 5. 5Stage four had s
quration of t* & 12, and stage five was
approximately the sazse duration. There was
an overlap of approximately t* : 4 frosm
the seasured tize of pocket pattern
forsatisn, to a8 glven stage. lhe variation
1n the signals, the fact tnat rapid
evolution occurs in t* : &, and the
uncertatinty of the inception instant all
coabined to lialt our resolution. 1t should
be noted that the data was digitized at a
rate of 10 points per t*: 30 that the
resolution prodblens were confined to the
visual =easurezents. The signatures are
“eyedall®™ ensesdle averages of the signals
from 10, 7, o, 9 and Y7 occurrences of
stages one tnrcugh filve respectively.
because of tne ~onsiderable coherence of
the evolution, the qualitative features of
the stages are adequately represented by
sameples of this silze. An atteapt has been
aade tOo i{ndicate approximate
non-dlaensionral sagnitudes of the signals
*nd Lo Jraw the temporal extent so as to
approxisately scale with the visual
tzpression. In all cases, only pockets
which essenttally centered theamselves along
the probe path were used. This criteria was
applied loosely, because of the obivous
41fficuitties, but enougn observations of
pockets in the relevant stages which were
not very wel}l centered were made to add
qsalitative confidence to the discussion
which follows.

we dbegxtn with stage one, which
fncludes pocxketls that intersect the wire
anywhere (roe their inception, to t* = 3§
afterwards. lhe visual tspression in either
the laser sneet tlluzinated buffer layer,
or in the sneet of marxer oozed out of a
slit in tne wall, is of & roundish hole
peing created in the ssoke-marked wall
region. It appears as If the marker has
been pushed out of tne way by a wallward
@aoving disturvance. Inhe streaawise velocity
is high over tnhe entire hole, and the uv
signal is the order of 10<uv>. The highest
uv signals of the entire record were found
during this sctage of evolution of the
pocket flow module. The snear du/dy is less
than the long tiae average. Thus we can
conclude that pocxets are formed by sweeps
whicn coame to the wall. It s worth
remarking that we would not in general
expect tne low value of du/dy, since both
the flow zodels of hef. 12 and Ref. 13
suggest that tncoaing high speed fluid
results in a high anhear at its interface as
it approaches the wall. Furtheraore, in
only 1 out of the 1b stage one pocket
events, was du/dx significant., Taken
together, tne absence of both of tnese
shears argues against the hypothesis 'hat
fncoming higner speed fluld results in an
intense, sharp shear layer. we will return
to this point later.

Stage two 13 characterized by the
formsation of the characteristic crescent
shape ( see Fig. & ), bDetween t* - 4 ang
t® = 12. rlow visualization at this stage

fnalcates the lift-up of sublayer fluid and
1ts rotation about a vortex which 1s
apparently formeed or amplified along tne
boundary of the crescent shaped pocket {
Falco¢3 ). Both laser sheet visualization
and sublayer slit visualization (using
flood lighting) show this lift-up of
sublayer fluid, and its rapid return back
to the wall. Inis rotation has the saase
sign as the vorticity of the sean flow at
the upstream end of the pocket. The vortex
however, follows tne contours of tne
crescent, and thus has a streamwise
orientated portion. The streaawise velocity
signal during this stage continues to
indicate that high speed fluid is in thne
pocket. The uv signal remains strongly
negative, indicating the continued presence
of the sweep. however, a dramatic change
has occurred in the du/dy signal. It has
become strongly positive near the upstreasn
end of the pocket pattern. Ihis result
supports the visual observations mentioned
above ( also see Hef. 23 ), that a vortex
nas formed, or that vorticity has been
amplified along the pocket boundary.
Furthermore, du/dx remains small,
indicating that tne flow within the pocket
i3 not an inclined snhear layer. This gives
additional support to the picture of a
vortex at the boundary.

Stage three occurs in pockets that are
between t* = 8 and 16 old. The pocket
pattern becomes pointed al its upstreaa
end, and elongated. 1ne 14fting up of
sublayer fluid continues, but is primartily
observed to happen along the sides of the
pocket as indicated in Fig. 4., Tne
streamwise velocity perturtation begins to
show the formation of a region of low
velocity foraming a little Dit downstream of
the pocket pattern, however, within the
boundaries of the pocket hign speed fluid
continues to move towards the wall
maintaining the large uv contridbution. Tne
uv signature shows that just downstream of
the pocket pattern an ejection is
developing. At the downstream boundary uv
is positive, indicating the high speea
fluid is amoving away from the wall ( an
outward interaction ). The velocity
gradient du/dy continues to change
apprectably. Just downstream of the pocket
pattern, it has become significantly
positive. At the downstream pocket
boundary, du/dy has become signifficantly
lower than the mnean shear. Upstreas, within
the ooundary of tne pocket pattern it
remains positive, but is reduced in
magnitude froae tne values it nhad i1n stage
two. Wwe have also inspected dv/dx at this
stage, 1t is in general much smaller than
du/ay, and only occassionally becoxzes
significant. During stage three, however,
dv/dx shows a significant positive value
during the time du/ay is negative ( lower
than the mean shear }. Inis suggests the
presence of vorticity of siagn opposite to
the mean vorticity of the layer is present
at the downstream boundary of the pocket at
tnis stage.
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~tage four .ocurs when the pocket s
Detween Vo and .« t* 13, lhe visual
13pression inayicates a steepening upatrean
portion and apparent rapid movements toward
the Jownstredm end, which are sometimes
accospanied by vortices, and sometimes by a
dbuildup of smoxe near the front of the
pocxet pattern, 1ndicating a more intense
and concentrated lifting of sublayer fluid
than previcusly ocoserved at the upstreaon
end or along the sildes. Visual results
using twso autually urthogzonal sheets of
laser iiqnt, crne tn tne tuffer layer, and
one perpendicular toc the flow, have shown
that a Jiscrete vortex is rapidly lifted up
(rom the wall regton. Fig. 5 shows this
event occurrirng. (he Lop half of the photo
shows the wal: :eglon astructure. One of the
pocmets 18 rcughly Jenteread over the
vertical liant sneet which produces the
‘ower nalf Jf tne picture. In the side view
{ lower nalf ) st tne downstream end of the
pucket pattern, we see a vortex which ias
soving awsy from the wall. An indication of
tluid rotating in the cpposite direction
iomediately enind tnRis vortex is also
ayperent. nhe 3lreaswlise velocity
JEFtuLrnati 1 snuws trnat the region of
velocity telect which furaed in stage three
nas i1ncreased 1n intensity, wnile the
region of veiocity excess, still contained
within the poecsetl goundary, has only
sitgntly Jialntsnes. I1ne uv signature, on
the otner rani, indl.ates that the regilon
¢t Jdefect s assoclaled with a
stgnificantly strengtnened ejection. At the
jownstreas souidary o5f tne pocket, uv ls
yoSitive, "ne (utward interaction continues
al aboutl tnhe saze strength as it had during
stage three. eilnin tne dboundary of the
pocket outiine, the sweep also continues,
bul at a significantiy reduced intensity,
whNich considering tne fact tnat the
velocity excess i3 s%il]l relatively large,
suggests tnat tne high speed fluid has
pegun to sove zore parallel to the wall (
this ocay be tne -leanalng sweep noted by
Corino and nrod«ey ). lne velocity gradient
du/dy continues %0 underio significant
cnanges. Just Jownstreas of the boundary of
the pocuetl fattern, the gradient increases
by & factor of tnree. The width of this
peak, tne largest du’/dy magnitude found in
the doundary layer at tnis level, is the
order of t* = 3. lne du/dy peak which
formerly existed within the pocket pattern
auring stage three and earlier, nas
a1sappeared. crxasination of the gradient
du/Jdx, shows that {t also attains {its
maxioum values Juring this stage of the
pocket's evolution, which also is the
2axicum ou/dx found in the boundary layer
at y* : 1b. 1ne average duration of this
peax about its zero value ia t* : 6.7.
examination of dv/dx indicates tnat it is,
on average, close to zeroc at tne downstream
voundary of the pocxketl pattern, unlike the
significant positive value which existed
suring stage three. The coverall i{mpression
1s that, at stage four a strong shear layer
Jevelops at the Jownstream end of tne
pocket 13pression, Ind that strong ejection
ol sublayer fluld i3 occurring inmediately

qownstream of this sthear jayer. Tnis
picture nas been previously asrrived at by
cckelmann et al and by blackwelder's.
we now see where it fits {in the overall
production process ( we will return to
these coaparisons later ).

Stage five occurs between t* 3 20 and
t* 3 30, approximately. By this tiame the
visual ispression of the pocket pattern has
become distorted, but some evidence of {ts
presence i3 usually detectable. The
iapresston of intensive aixing at the
downstream end is sometimes apparent in
experiments whicn visualized only the
sublayer or buffer layer. ln the
experiments with simultaneous plan and stide
views, we can see an orderly ejection,
described during stage four, suddenly
become chaotic, with all Indications of
vortices and/or any other sense of
conerence dissappearing. This doesn't
always nappen during the ejection.
b>ometimes the vortices can be seen to
continue further out, and evolve
sutstantially. But these occurrences were
rarely observed compared to those which
involved breakup between y* = 30-50.
Looking at the signals,we see that the
streamwise velocity reaches its aminizuae
value, and is negative both downstream and
within the pocket pattern. 1he high speed
region within the boundary of the pocketis
has dissapeared. lhe uv signature shows an
intense ejection, 1.e., the order of T<uv>
|l note that tne intensity of sweeps in
stages one through tnree is a little
nigner, the order of 8-10<uv> ). Tnese
ejections are the most intense observed in
the entire record. 1In 5% per cent of the
sample, a sa@all postitive uv contribution
was noted at the end of the ejection
interval, which was due to inward amoving
tiuid of low 3speed. Tne velocity gradient
du/dy is significantly below tne zean shear
of the layer suggesting tnat either the
ejecting fluid has fluctuating vorticity of
opposite sign from the mean vorticity of
tne layer auring its breakup, or that the
breakup results in a well mixed region of
low and nign speed 1luid. Furtner
inspection indicated that near the upstreacs
end of @any of the ejection intervals,
du/dy became slightly positive. Tne
gradient du/dx consistently showed that the
fluid first accelerated and tnen
gecelerated as the ejection passed cver the
probe. The gradient dv/dx was essentially
zero tnroughout stage f(ive, lne overall
fopression gained froa this stage 1s that a
large scale, well mixed region of flutd ts
ejecting away froa the wall near the
downstream end of the pocket pattern. [he
absence of significant values of du/dx or
dv/3ix suggests thne “well mixedg"
description, as does the negative Jdu/dy
found during the breakup. The negative
fluctuating du/dy may also suggest that the
overall breakup motion has fluctuating
vorticity of opposite sign froo that of tne
aean flow.

1¥. nrcoel of rroduction rrocess
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lhe segjuence of events dgescrided adbove
involved all c¢f the four feynolds stress
producing events; sweeps, ejections,
outward interactions and !{award
tnteractions. It oeains with nigh speed
fluld moving towards the wall, A3 noted by
L1ghtn1l1€® unetner tnis fluid 1is
trrotations!l ar rotational it will reasult
in the prcduction of vorticlity on the wall
around the stagnation point {t creates. On
the Jownstresea side of tnhe sweep, this
vorticity will nave the same sign as the
zean vorticlity of Lhe dboundary layer, but
on the upstreas side (t will be of opposite
31gn. As this newly created vorticity
fasses the prode during stage one, we
should see an increase in 4du/dy due to it,
but we 120n't. (nstead, we nave a decrease
tn du/dy. This can nly be explained if the
sweed has vorticity ".f :pposite sign froms
the zedn vorttcity ! *he layer, at 1its
Jownstreas end. 1! tnls vorticity was
strong enough trne net effect could be a
decrease in du/dy. Tnis possibtlity ts
supported by the fact that du/dx is not
si1gniflcant Lecause, laken together, the
facts tngdiceste that tne sweep does not
appear to Cregte a shear layer at its
Jownstreaa toundary.

If vorticity of opposite sign exists
at tne front of tne sweep, which creates
trne tnree-dlaensional pocxet pattern, it 1is
reascnable t0o expect that these vortex
lines clcse Lpon tnexaselves at the upstream
end of the trnree-dizensional sweep. The
events of stage two support this
suggestion wnen the pocket flow module
.asses dur.ng stage two, we find a sharp
fncrease in du/dy near the upstreams end of
the pocxet pattern, and visual observations
300w that 3ubiayer fluld is l1ifted-up froa
the wall, rotates around a vortex core
which has the saze 31gn as the mean
vorticity of the layer, and returns to the
wall. Tnis 1s the z=otion we would expect if
tne sweep were a vortex ring. It (s the
opposite of wnat we would expect from the
vorticity senerated Ly wallward moving
trrotatlional [fluld which created a
stagnation point flow,

However, even a vortex ring aoving
towards the w»all creates a stagnation
point, and gererates vorticity as indicated
in hef. ¢C. Thus at the upstream end of the
pocket flow sodule, vorticity of opposite
sign froa that of thne zean vorticity of the
layer 13 teing createda. 1ne fact that the
net vorticity snows a strong increase above
the mean value indicates that the wallward
aoving vorticity {n the sweep {3 being
strongly aaplified. Tnis asplification
would be expected Lf a vortex ring
approached the wall naving vorticity of the
sign we have Jjust indicated to Dde
scnsistant with tne sweep, because the
effect of the wali, as modeled by inviscid
tneory, would be to stretch the ring, thus
asplifying Lts vorticity. This
asaplification of vorticity in the sweep
Also helps us undersa and why, during stage
one, the vorticity in the sweep, which was
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of opposite sign from the mean vorticity of
the layer, dominated over both that
produced by the stagnation point flow and
the mean flow vorticity.

buring both stages one and two, it was
noted that du/dx resained insignificant,
auggeating that an inclined snear layer was
not present during these times. However,
during stages three and four we noted that
du/dx increased significantly. During stage
four, the average of the maxioue values of
du/dx is 30 per cent of the average of the
maximum values of du/dy ( poth maxisuas
occur close to each otner ). During stage
three, there {s a clear indication of an
increase of vorticity of tne same sign as
the zean vorticity of the layer, occurring
at the downstream end of the pocket flow
module. This vorticity is presuszably a
redistribution of tne vorticity created by
the stagnation point flow due to the sweep,
into a concentration that 1is significantly
above the mean, and visually asppears as a
vortex in side view laser visualizations.
During the time it takes the pocket pattern
to evolve from stage three to stage four,
the flow at y* = 1b no longer appears to
be due Lo discrete vortices near the front
of the pocket, but instead appears to be
represented by a sharp shear layer.
Visualizations ahow that the vortices still
exist, generally unti{l stage five, but have
aoved above the probe. This can be seen in
Fig. 5. Fresumably, the vorticity in the
downstreaa portion of the sweep, and the
vorticity created by the sweep's
interaction with the wall, have induced
eacn other to move upward. lhe
Juxtaposition of the vortex in the sweep
which consists of high speed fluid, and the
vortex created as a result of
redistridution of vorticity created at the
wall by the stagnation flow pattern, which
consists of low speed fluid, results in the
sharp shear layer. As we go from stage
three 1o stage four, Fig. 4 also indicates
that tne major contribution to the Reynolds
atress changes froa tne sweep to the
ejection, wnich is conpistent with the
lifting vortices. Tnis model also provides
an explanation of the significant Reynolds
stress contrioution, in atages three and
four, due to outward interaction events,
lhese periods during which high speed fluid
1s moving away froa tne wall are expected
to occur within the downstrean sweep
vortex, and as a result of tne sweep vortex
being induced away from the wall.

1t is not yet clear how or why thne
1ifted fluid goes rapidly turbulent as
inagicated in the description of stage five.
ine signals snow that altnough the shear
layer has dlssappeared, the ejection
continues for sone tizme afterwards.
Furtheraore, it is not clear why the
stretcning of tne sweep vorticity does not
amplify it sufficiently to overwheln the
vorticlity generated downstream of the
stagnation point flow, and prevent ejection
of the 1ifted subliyer fluid, 13 was
observed at tne upstream end of the pocket
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pattern ,hese juestions require further
researcn.

Tne spatial scale over which the
evolution of the pocxet flow module takes
place can pe estizaled Dy multiplying tne
average cunvection velocity of the pocket
patterns, .® ug , by tne average duration
of tne pocxet evolution, t* 2 30. This
results in 1* on tnhe order of 400.

¥. Ulscusston and Comparison

A revisw of tne literature indicates
that sany of tne :nvestl- gations into the
wall region structure of turdbulence have
focused on events tnat appear to occur as
part of the evolutton of tne pocket flow
aocdule. we will]l bdrlefly point to the major
correspongdences, aitnough to our knowledge
even 31nor detatls of 303t of the
investigations snow close correspondence.

une of tne most used hot-wire
turbulence Jetection techniques is the one
geveloped dy wupta, Kaplan and Laufer,
and Jsed by blacxwelder and Kaplan,'! and
vlackwelder,'¢ nlackwelder and
cckeldann,® and dany sthers to deteramine
wall iayer structure. The technique
involves calculating a snort time variance
of the streaawlse velocity fluctuations,
averaged s ver sn !aterval varying from t+*
= 13 ( nef. &) to t* : 20 ( Ref. 11 ). For
t* intervals of tnese durations, the short
tine averaged varidnce strongly resembles
the du/3t signal. wne nave found tnat du/dx
{ obtained froz 3us/Jdt uslng a local Taylor
nypothesis ) attalned its largest values in
tne <07 dcundary iayer thicxnesses
investigated, Juring stage four of the
pocket evoilutlion. ihe only otner stage
where signiftcant iu/ix was found, was
stage three, where the peaxs were about 30
per cent as large. Tne average width of the
peaks, measured at the signal axis, during
stage fou~, was t* : 5.7. This suggests
that tne jetection tecnnique is keying on
the snarp shear layer leveioped during
stage four. [l a lower value of the
detector function acceptance criteria 1is
used, the s1gnals during stage three would
be 1ncluded in the condiitional sample. The
interpretation given in Ref. 4, and 12 also
suggests tnis. nowever, the scale of the
pocxet patterns, and hence of the pocket
flow module 13 the order of 50-100 wall
layer units, Falco and Calxins,?Y and
depenas upon heynolds numdber. lne
suggestion in nef. 1¢, tnat tne sweep is of
Large scale, nas coue primarily from rakes
of not-wires wnicn extend to approximately
y* of 100. inis data shows that sharp
snear layers extend o2ut to y* 2z 0(30-50).
Altnoudh weaker shear (s sometimes apparent
to the top of the raxe. uur visual
sbservations of tne lifting vorticity
generated by the stagnation point flow,
show that, in general, {t remains coherent
out to y* = 30-50, before breaking up (
P1&. 5 Snows an example in which the vortex
nas reached y* =: 99 ). Since the shear
.ayer [oras between tnis vortex and the one

in the sweep, §{t fs clear that phenomena of
tne scale of delta are not directly
involved. However, there is subpstantial
evidence, Brown and Thomas,30 Ffalco,3)

and Cnen and Blackwelder,3¢ <tnat the large
scale inflows are phased with the phencaena
being discussed.

plackwelder and Kaplan'! snow tne
conaitionally saampled neynolds stress
pattern that results from their detection
technique. Their results are shown in f1ig.
b. we have inverted tneir signatures to
enable more imasediate coaparison with
Figures ¢ and 4, we see that their signal
appears to be a coaposite of stages three
and four. lt extends over roughly t* = 20,
nas a sweep followed by an ejection, with a
region of very low or negative Reynolds
stress separating them. The peak averages
of the sweeps in three and the ejections in
stage four are similar to their values.
bBlacxkwelder and aaplan-alsc measured the
signature 1/4 delta downstream of the
position at which their detector indicated
hign du/dt. They found, after correcting
for the different convection velocities of
individual events, the picture in Fig. 6b.
This spatial separation corresponds to a
teaporal interval of t* = ¥.7, which is
consistent with the time interval between
stages three and four. 1nis signature looks
like that of stage four, thus indicating
the same development as we have discussed
for the pockets.

Tne pocket flow module also provides a
simple explanation of tne results of
Blackwelder and eckelmann¥ wnien indicate
tnat there is a change in sign of w and
dw/dylw as the sharp shear layer goes by.
From Fig. 4 we expect fluid to move towards
the center line of tne pocket over the
portion which is ejecting, while we expect
movement away from the center line within
the pocket pattern because the sweep is
observed to0 cause a widening of tne
pattern. The narrow wiidtn of tne shear
layer which they measured, approximately 17
z* is consistent with the half widtn of
pockets at low Heynolds numbers ( see Ref.
¢9 ). Purther, the fact that after the
sweep arrived we wneasured velocity gradient
(du/dy) magnitudes larger tnan the mean
value, is consistent with the picture
during stage three of tne pocket evolution,
which as we have noted, would be detected
oy their tecnnique.

Ine Lagrangian observations of tne
wall region made by Corino and brodkeyY
are also incorporated in tne pocket flow
podule evolution. By observing events in
the wall region in a data window x* =z b3
by y* = 40 by z*¢* =z ¢0 as tney convected
at a constant percentage of tneir pipe
center line velocity, they noticed that the
ejection of particles wnich were near the
wall, resulted fros tne following sequence.
rirst, a deceleration occurred withing a
local region near tne wall. [(nis was
followed by tne entrance into their field
of view of a nigh speed region at least as
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large as their data window. This high speed
reglon interacted with the decelerated
region and resulted in an ejection of
fluid. Sometimes the ejection would occur
just as the accelerating fluid entered the
field of view, while at other times, it
occurred after the acceleration proceas had
bpegun. The ejection always occurred before
the entire region was coapletely
accelerated.

Fig. 4 gives, of course, the sequence
of events an observer would see as he
followed the flow when a pocket flow module
was evolving. Fluid downstreaa of the
pocket pattern is moving at the local mean
velocity during stages 1 and 2, and 1is
decelerated as the evolution proceeds froas
stage 2 to stage 3. During stage 3, the
sweep moves to the downstream end of the
pocket pattern, and thus it would move into
the field of view of a data window located
near the downstream end of the pocket
pattern. It is also during stage three that
we see the ejection of fluid near the
downstreaa end of the pocket., It 1s
fmportant to note that the length scale of
the pocket fits the Corino and Brodkey
opservationa. Thus we see that they have
also keyed upon the downstream end of the
pocket flow module for a significant nuambdber
of their observations. A discussion of what
they would see if the side of a pocket
entered thelr data window 1s given in Ref.
e3.

The turbulence structure in the wall
region has also been studied by Eckelamann,
Nychas, Brodkey and wallace.l3 Tney
studied the streamwise velocity
fluctuations to find a pattern that
appeared to reoccur, and developed a
pattern recognition program which detected
the pattern in the streamwise velocity
fluctuations and proceeded to store all of
tne other quantities they measured. Tne
pattern consisted of a gradual deceleration
fros a local maximua followed by a strong
acceleration. Since this description fits
the pocket evolution during stages three
and four, we should see soae
correspondence, espectally in the region of
the strong acceleration. Eckelmann et al
measured du/dy, uv, u and v, at y* = 15,
so comparisons can be made. Comparing their
uv and du/dy patterns in the region of
strong acceleration, with the pocket
pattern during stage four, we find that
votnh signatures are in agreement, even with
respect to the phasing of du/dy and uv and
u. furtheraore, the width of tne du/dy pesk
1s the same order as found {n the pocket.
Thus, it also appears that Ref. 13 has
keyed upon the downstreas end of tne pocket
during stages three and four. Their results
wnicn show a significant dbroadening and
reduction in magnitude of the peak at y* =
80, reinforces this conclusion.

1he pocket flow module (s a flow
module that integrates the sweep and
ejection events, as well as the other two
uv producing events, We have snhown that it
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is consistent with the findings of Ref. 9§,
and we will now show tnat it is consistent
with the work of Uffen and Kline,8 wno
studied the relationship between amotions in
the outer flow and the bursting process
near the wall. They found that there was a
close connection between sweeps found in
the logarithaic region, and the bursting
process indicated by wall dye. ln
particular, a wall-vward moving perturbation
was observed in nearly every case juat
prior to the appearance of osclllatory
motions in the wall dye. furtherasore, the
oscillations at the wall are first seen
downstream of the outer disturbance. This
description corresponds to stage one of tne
pocket flow module evolution. Abstracting
their results, tney continve... “The
wall-dye disturpances grow slowly and
eventually l{ft up. At the same time the
hydrogen bubbles ( their wire was normal to
the wall) show that the velocity field
becomes perturbed in the region directly
above the oscillating wall dye. The
disturbances in the zone generally look
like patterns one would expect in the
presence of vortices, and these doeinate
the logarithaic region. Focusing attention
closer to the wall, simultaneously with, or
shortly after, the appearance of the wall
dye perturbations, a long, narrow,
high-shear zone forms just above the region
of wall-dye movement. VYortices form along
the apparently unstable shear line”. Stage
two of the pocket flow module evolution
fits this description closely. The incoaing
sweep has amoved wall dye to create the
pocket pattern, and in stage two, we see
that a high shear zone has formed ( note
du/dy ) over the pocket at y* = 16. In an
eariler work, Falco?3 emphasied tne
presence of transverse vorticity of the
same sign as the mean vorticity of the
layer was present along the upstreaa
boundary of the pocket, i.e., at the end of
tne nigh shear zone noted by Offen and
aline. It i3 necessary to point out that
tne nign shear zone they are referring to
occurs prior to lift-up, and is different
from the one associated with stages three
and four of the pocket evolution desacribded
above. Continuing our abstraction of the
results of Ref. » ."most of the lift-ups
of wall dye were seen some time after the
formation of either a streanmwise or a
transverse vortex, and these began to leave
the wall where the vortex came closest to
the wall. The sweep generally continued to
move towards the wall after the low- speed
tluid element nad pegun to 1ift away froa
the wall... 1nis description corresponds to
stage three of the pocket flow aodule. At
this point in the evolution, wall marker
nas lifted up at tne upstream end and along
tne sides of the pockets. The vortex which
lies along tne poundary of the pocket (s,
of course, streamwise orientated along the
sides. Offen and Kline had an essentially
two-dizensional slice, so that they saw
either a transverae vortex or a streanswise
vortex, As the wall layer fluid i
l1fteq-up, first at the dback, and then
progressively around tne sides, the fluld
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at the bacxk will, 33 (U spirals along the
pocket vorlex, 3ove pacx towards the wall
and tnen away !roa .t again. This would
appear as the oscillation wnich is seen to
occur after (ift-up. J{fen and Kline
continue: "2uring the end of the burst's
osctllatory growth astage, the interaction
petween tnhe bursting fluld and the sotion
in the iogaritnmic region causes the
{ormation of snother iarge vortex-like
structure. >ome fluld fros both the bdurst
and tts assoclated sweep, returns to the
wall. wren tnis {luld arrives at the wall,
1t spreads out si{leways and is quickly
retarded bDy the strong viscous forces near
the wall. (t 13 believed thet this event 1is
assoclated witn another 1ift-up process
fartner icwnstreas". me Delieve that the
evolution they were deacriding corresponds
to the end of stage three, and Lo stage
four of tne pocxet evolutlon., During stage
three, Lransverse vorticity of the opposite
si13n tros that Of the Jean shear {is
asplified, and we see the start of 1lift-yp
of low speed fluid at the downstream end of
thne pocket pattern. The amplification of
the transverse vorticity appears to be the
tnteraction vlffen and Kline note 1is
osccurring tetween tnhe bursting fluid and
tne logaritnaic reglon, which they suggest
causes the for=ation of a large vortex
structure. furtnersore, 8 nigh shear layer
is foraing 2t tnis end cf the pocket
pattern. in stage f{zur, a strong ejection
of subdlayer [1.:3 wolurs, wnich as we have
suggested, resu.ts frca the autual
tnteractisn cf two vortices. This is the
“second" e'ectiun tnat Cffen and Kline
suggest ccocurs, and wehicn {s the basis of
thelr hypctnesis of tne cyclic nature of
tne bursting prucesas. It snould be noted
tnat they :conc.J3de their description of the
pursting ;rocess oy noting that breakup of
tne 1iftea sup.dser flulld appears to be the
result of vortices tnteracting, and tnat
flow patterns :n tne regicn surrounding
oreaxups revea.ea tnat o0 per cent of the
Dursts orc«e up inediately after an
interaction witn anotner vortical
structure. vuring stage f{ive of the pocket
flow =zodu.e evclution, we nave observed
dreakup a3 tane twe vortices mutually
interact.

Thus (t agoedrs tnat the description
of the turdbulence production process given
oy Offen and Kltne (its that found for the
pocxet flow 3oaule evolution as a whole.
nowever, thefr assunptions about the cyclie
nature of tne process now appear to be
related to the 1if{t-ups occurring first at
the upstreas end of tne pocket pattern, and
later at tne gownstreas end. Tnus, it say
be that tnhe cycle trey sugzesat has only two
1i{ft-ups associated wnith it. They show that
sweeps preceed dbursts which ta tuern, they
suggest, interact witn the log region flow
to produce new sweeps® furtner downstreaon.
tline3) nas noted tnat this statement
appears to oe anomalous, because the burst
is, of course, low speeil fluid. Our
inforzsation suggests that tnere (s one
sweep assaociated witn tne pocket flow

module. 1he evolution of the probe signals,
as well as the visual data ( it should be
noted that although visual indications of
vorticity in sweeps have bdeen obtained in
the boundary layer, the clearest visual
data relevant to this question has come
from experiments with turbulent spots ),
indicate tnat the sweep i3 vortical, as
noted by Offen and Kline, but that,
furthermore, it has both forwvard and
reversed transverse vortices in 1it, as seen
in a streaawise light plane, or a light
plane perpendicular to the flow. This
strongly suggeats that the vorticity of the
sweep is organjized into a ring. As we have
noted, the evolution of our hot-wire
vorticity data also supports this picture.
As the sweep approaches the wall at some
acute angle, one portion of this ring comes
in close proxiamity with the wall, is
atretched inviscidly, and causes the first
lift-up. Then the downstreas portion comes
in close proximity to the wall and causes
the second lift-up, which results in the
strong shear and breakup. Although the
pockets are found to be individual,
independent flow modules, they are,
however, are often found in groups ( see
Ref. 23). evidence of tne time for
formation of meambers of a group of two or
three pockets suggests that, in general,
they form within an interval too short for
one to be considered the generator of tne
other. However, exceptions to this have
been observed.

Another interesting fact abdbout the
pocket evolution, which has been previously
observed during the bursting process by
Kim, kKline and Reynolds7 and Uffen and
Kline, is that tne lift-ups don't
continuously move outward, but instead they
oscillate. Tne sublayer fluid which 1lifts
up at tne upstream end of tne pocket,
subsequently moves laterally and towards
tne wall and then away again, as it spirala
around the vortex that exists along the
boundary of the pocket pattern ( hence the
“oscillation® ). This motion does not
produce a significant uv signal at y< 2 16
{ see stage two of Fig. 4 which shows that
the uv i{s gue to the sweep )., This s
consistent with the findings of Offen and
Kline that the bdbreakup periods, not the
1ift-ups, corresponded to the times that
had most of the fluctuation energy ( also
see Kline33 ),

The recent work of hogenes and
hanratty3% wnich combined arrays of wall
probes and not-wires in the wall regton,
supports the hypothesis that the dominant
flow structure i{s a strongly linked
combination of inflows of high momentunm
fluid and outward flowing low momeztum
fluld. lney found that the inflections in
tne velocity profile resulted froas botn
tnflows preceeding outllows and outflows
preceeding inflows., The first sequence
would occur at the upstream end of tne
pocket, whereas the second would occur at
tne downstreaa end.
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The results of tne above comparisons
indicate tnat tne probe detection technique
of Ref. 29Y has keyed upon tne stages three
and four of the pocket evolution. Corino
and Brodkey have also apparently stressed
this phase of the evolution. 1ne visual
data of Kim et al 7 and Offen and Kline®
have descrived the entire pocket evolution.
AS a result, the conclusion from the probe
studies indicate that high speed fluid 1is
upstreas of the ejecting fluid, this was
also true of the studies of Corino and
brodkey and Eckelmann et al. On the other
nand, the study of Offen and Kline
indicated that sweeps camse to the wall
gownstreaa of the lifted-up wall layer dye,
put that because of the cyclic nature of
tne process ( as they saw it ) the sweep
would eventually be followed by a burst. It
is now clear that the tera "ejection"”
snould be used to characterize what happens
to the lifted-up wall layer dye at the end
ot tnhe oscillatory growth stage, but
feanediately before breakup. The terus
“ejection™ and *1lift-up* have been
interchanged in the past.

Finally, we want to mention that the
aechanisa of the lift-ups appears to
closely resemble the one studied by
voligalski and walker .20 They performed
calculations of the effect of a
two-dinensional vortex on the wall layer
flow beneath it, when the vortex was
convecting parallel to the wall in a
laminar ooundary layer. Downstream of the
vortex, for certain combinations of vortex
strength, convection velocity, and boundary
layer profile shape, a stagnation type flow
pattern existed near the wall, which
resulted in creation of vorticity ( Ref.
26). Tne influence of the original vortex
on this newly created vorticity, which 1is
of opposite sign, is to induce it off the
wall, resulting in lift-up. It appears to
be the mechanisms operational around the
poundary of tne pocket. However, it fails
to result in the ejection of fluid
lifted-up in the upstream portion of a
pocket because vortex stretching has made
tne sweep vortex much stronger, a3 noted
above. Of course, vortex stretching can‘t
occur in two-dimensional flows. The
aechanism is effective at the downstreaa
end of a pocket, because stretching of the
sweep vortex has apparently ceased. here,
tne vortices amutually induce themselves to
the log region before breakup occurs.

Suazary and Conclusions
Simultaneous multi-probe hot-wire data

and flow visualization experiagents have
shown that a flow module exists which is
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order of 30. The mechanisms involved
1nclude; stretching of tne vorticity in tne
sweep, the gereration of vorticity near the
wall by the stagnation point flow that the
sweep creates, mutual interaction of the
vortices formed as a result of these
processes leading to motton away from the
wall. The distinct pocket pattern results
because the sweep vortex is aaplified to
the extent that it induces the stagnation
flow generated vortex around itself. This
lift-up of sudlayer fluid results in a pair
of short streaks which appear to oscillate
as the lifted-up fluid is returned back
‘owards the wall. When the front of the
.weep reaches the wall, the sweep vortex
and the stagnation flow generated vortex dg
induce each other out to the log region. 1n
doing 30, a sharp shear layer is created
between the two vortices. By the time they
get out to y* : 30-50, they breakup. It is
not clear why the stretching of tne sweep's
ring vortex ceases before its vorticity is
diffused, allowing this outward ejection.

Thus, the formation of streamwise and
transverse vorticity concentrations of
snort duration, intermediate scale streaky
structure, the sudden lift-ups, tne
oscillations, and the breakup, are seen to
be phasea to the stages of evolution of
tnis flow module.
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Source TaU/v comments 31316
;-
o~
Blackwelder and Kaplan 10 hot-wire A [
(Re = 2550) -3‘1’,‘14 -
Offen and Kline 5 ejections T —
- 10 bursts O ‘216
(Rg = 820) (dye) 12t y
Schraub and Kline 4.5-5.5 K, bubbles 2 Rg=1068
(R, = 1000-1700) .
® Zpf :
1 Ueda and Hinze 4.7 hot-wire n |
k- . (R6 = 11,450, 35,500) -
w -
Willmarth and liu 4 hot-wire 5 8 r
(R, = 4320 o
8 S [ "-1
Present Work 5 pockets w 6|
. (R. = 1350) o
o0
e 4r
) Table 1. Comparison of average times between s
) bursts and the passage of pocket flow modules in g 2
. the turbulent boundary layer, |
‘ I i
1 A 1. i 1 1 1 j - . :
0 8 16 24 32 40

Fig. 3. The distribution of pockets in which du/dy
was greater than 2du/dy, vs the age of the pocket
when it contacted the probe, which was a y = 16.

o aate 42t

ol |

EJECTION—/J S-sweer

-10 +

<uv> - uv 4

sl

-uv

e t°=35 ‘
B S ] -

=37 SWEEP

-10 T ‘ZEJECTION

Fig. 6. Cogditiona] averages of the Reynolds shear
stress at { ; 15, afterfﬂlacgwelder and Kaplan,
Fig. 1. Pockets revealed by oozing oil-fog contam- Ref. 11. (a) Detector function at sampling position.
inant through a slit in the wall under a turbulent (b) Sampling probe 1/4 delta downstream (At = 8.7)
boundary layer. The flow is from top to bottom, and of the detector probe. The eariler peak is due to
the siit s located close to the top of each photo-  ejections, while the later one is due to sweeps.
graph. (a) Rg = 738; (b) R, =2745. Hote how the sweep decays while the ejection
0 L] persists ( see text for a discussion of comparison
with Fig. 4 ).
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2. Simultaneous records of uv, du/dx, dv/dx, du/dy, v, and u at

y'= 16 in a turbulent boundary layer. The dashed vertical lines
bound pocket flow modules, The first pocket passes the probe during
stage four of its evolution, while the one which arrives later in

in stage three of fts evolution. The dashed line on the du/dy signal
is the mean shear. R. = 1068.
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) Fia. 4. The evolution of the pocket flow module. The plan view pocket
. patterns and the ensemble averaged signatures of u, uv,
: anhd du/dy for each of five stages, are shown. In the visual patterns.
; shading indicates lifted fluid. The signals, measured at y = 16, indi-
1 cate conditions along the centerline of the pocket. The visyal and
} hot-wire data have the same abscissa, and the placement of the signals
. {s phased with the visual pattern, both within each stage and between
stages. The ordinates correspond to (<u>- U }/u, {(<uv> - uv )/-uv,
and (du/dy - du/dy)/(du/dy). The stages are arranged to show the
development an observer would see if he moved with the speed of the
upstream end of the visuyal pattern.
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Fig. 5. Simultaneous views of the buffer layer of a smoke marked
turbulent boundary layer ( top, plan view ), and of a slice of the
layer nornal to the wall above it. Line A-A of the accompanying sketch
represents the edge of the light plane which illuminates the side view.
Line B-B represents the edge of the 1ight plane which illuminates the
plan view. A pocket which is in stage four of its evoluticn, can be
scen in the plan view ( note shaded features in sketch ) centered

over the vertic:l light sheet. In the side view we can see the ejected
vortex and the remains of the sweep vortex ( see text ).







